Regional protein synthesis was investigated during severe, insulin-induced hypoglycemia in anesthetized, artificially ventilated rats, Three minutes after the cessation of spontaneous EEG activity, animals received a single injection of L-[3H]tyrosine and were killed 30 min later. Autoradiographs revealed an almost complete inhibition of amino acid incorporation in the cere bral cortex, hippocampus, and caudate-putamen of hypoglycemic rats, Thalamus and spinal cord were less affected, and in hypothalamus, cerebellum, and brainstem the pattern of [3HJtyrosine incorporation was identical in control and experimental animals, The areas showing severely reduced protein biosyn thesis during hypoglycemia coincide with those exhibiting extensive breakdown of energy metabolism, reduced cerebral metabolic rate for glucose, and high susceptibility to persistent cell damage, High-resolution autoradiography employing tritiated amino acids permits the assessment of regionally impaired protein biosynthesis and may thus be useful for the identification of neuronal populations at risk during hypoglycemia of varying degrees and of those cells most likely to recover after glucose infusion.
Insulin-induced hypoglycemia deprives the cen tral nervous system (CNS) of its major energy source. With decreasing blood glucose levels, electroen cephalogram (EEG) abnormalities and neurologic dys function occur (Ferendelli and Chang, 1973; Lewis et aI., 1974) without any significant derangement of the cerebral energy metabolism. At arterial glucose concentrations below 1 J,tmol ml-1, isoelectric EEG develops. This is paralleled by a depletion of corti cal high-energy substrates such as phosphocreatine and ATP (Lewis et aI., 1974; Norberg and Siesjo, 1976; Agardh et aI., 1978) . However, although hypoglycemic coma is associated with an exhaus-tion of carbohydrate stores in all brain regions, breakdown of the energy metabolism seems to de velop with a noticeable regional heterogeneity. During severe hypoglycemia with periods of isoelectric EEG up to 30 min, ATP and phospho creatine levels are considerably reduced in the cerebral cortex but largely preserved in the cere bellum (Agardh et aI., 1981; Ratcheson et aI., 1981) . Clinical and neuropathological studies also suggest that brainstem and cerebellum may be less suscep tible to hypoglycemic brain injury than cerebral cortex and hippocampus (Himwich, 1951; Brierley et aI., 1971; Agardh et aI. , 1981) . Protein synthesis is an endergonic process with both ATP and GTP being required for amino acid polymerization. Therefore, one would expect that local disturbances of the cerebral energy metabolism would lead to an inhibition of protein synthesis. The present au-toradiographic study on [3H]tyrosine incorporation into brain proteins of hypoglycemic rats has re vealed a remarkable regional heterogeneity.
MATERIALS AND METHODS

Chemicals
L-[VH]Tyrosine (specific radioactivity, II Cil mmo 1) was prepared and kindly provided by Pro fessor K. Hempel, University ofWtirzburg, F.R.G. For injection, it was dissolved in physiologic saline at a concentration of 8.3 mCilm\. Insulin Novo Ac trapidR was from Novo Industrie, Mainz, F.R.G.
Experimental Procedures
Experiments were performed on male Wistar rats (300-325 g). Two animals were sUbjected to insulin-induced hypoglycemia; one animal, a con trol, underwent a sham operation. Animals were fasted for 24 h but had free access to tap water. For induction of hypoglycemia they were given an in jection of insulin, 40 IU kg-I, i. p. One hour after the insulin injection, the animals were atropinized (1 mg kg-I), tracheotomized under thiopental anaesthesia (15 mg kg-I), immobilized with pancuronium bromide (0.25 mg kg-I), and mechanically venti lated. Small catheters were inserted into a femoral artery and vein for recording blood pressure and for administering drugs. After the operative procedures had been completed, the animals were heparinized (100 IU kg-I), maintained on 70% N20 and 30% O2, and ventilated to an arterial Pco2 close to 40 mm Hg and arterial P02 above 100 mm Hg. Blood gases and blood glucose levels were monitored by frequent anaerobic sampling of arterial blood. Body temper ature was kept constant at 37°C using a thermocon trolled, infrared heating system. The EEG was re corded from subcutaneous bipolar needle electrodes using a Beckman polygraph (Beckman Instruments, Mtinchen, F.R.G.). Systemic arterial blood pres sure was also continuously recorded. In the control animal, surgical preparation, mechanical ventila tion, and recording were identical to that of the ex perimental animals, but instead of insulin an equiv alent volume of physiological saline was injected. Incorporation studies were started by injection of [3H]tyrosine (35 mCi kg-l, i. v.) within 3 min after cessation of spontaneous EEG activity and termi nated 30 min later.
Sampling Techniques and Autoradiography
At the termination of the experiment, a lapa rotomy was performed and a cannula was in serted in the aortic arch via the abdominal aorta. Following hemodilution with dextran, brains were fixed by perfusion with buffered 5% (voVvol) for maldehyde containing 0. 5% (wt/vol) trichloroacetic acid and 0.1% (wt/vol) unlabeled L-tyrosine. After perfusion, the brains were stabilized in situ for 12 h. After dissection, they were stored at 4°C in the same fixative. Elution of the labeled components of the acid-soluble precursor pool was achieved by re peated changes of the fixation fluid. Frontal sec tions were cut at different levels of the cerebral hemispheres, brainstem, cerebellum, and spinal cord, and embedded in paraplast after dehydration by 70-100% ethanol (voVvol) and xylene. Au toradiographs were prepared from 3-jLm sections using Kodak AR 10 stripping film and exposed for 45 days. Identification of the anatomic structures was made according to the stereotaxic atlas of the rat brain of Pellegrino et al. (1979) .
Analytical Techniques
Blood glucose levels were determined spec trophotometrically using an enzymic method (GOD-PERID, Boehringer, Mannheim, F.R.G.). The pH, Pco2, and P02 in arterial blood were mea sured immediately after sampling using microelec trodes operated at 37°C (Radiometer, Copenhagen) with appropriate temperature corrections.
RESULTS
As shown by other authors (Lewis et aI. , 1974; Agardh et aI., 1978 Agardh et aI., , 1980 Agardh et aI., , 1981 , injection of insulin, 40 IU kg-I, i.p., in fasted rats causes severe, pro longed hypoglycemia. In both experimental animals, isoelectric EEG developed approximately 3 h after insulin administration. At this time, blood glucose levels were reduced to less than 1 jLmol ml-I. Arterial blood pressure, blood gases, and pH were similar in the control rat and in the hypo glycemic animals. During the 30-min period of [3H]tyrosine incorporation, no changes in physio logical parameters were observed that could have influenced the experimental results.
Autoradiographs of coronal sections of the con trol brain (Fig. 1, left) showed a pattern of regional ( FIG. 1. Regional incorporation of [3HJtyrosine into brain proteins of a control rat (left) and of an animal with insulin-induced hypoglycemia (right). Note the almost complete absence of labeling in the cerebral cortex and hippocampus. Incorporation into proteins of the basal ganglia (thalamus) is also reduced, but labeling of hypothalamic nuclei (upper right) appears normal. The pattern of [3H)tyrosine incorporation into proteins of brainstem and cerebellum is similar in control and hypoglycemic animals.
Unstained autoradiographs (xS.7, hemispheres; x7.1, cerebellum).
[3H]tyrosine incorporation very similar to that ob served in untreated, non-anesthetized animals (Oehlert et aI., 1958; Kiessling and Kleihues, 1981) . In contrast, hypoglycemic rats showed a grossly abnormal distribution of amino acid incorporation. During severe hypoglycemia, [3H]tyrosine incorpo ration was almost completely absent in the cerebral cortex and the hippocampus (Figs. 1 and 2) . With [3H]Tyrosine incorporation by neurons of the pyramidal layer and dentate gyrus of the hippocampus is no longer detectable, but labeling of thalamic nuclei is only partially inhibited. Protein synthesis in the lateral thalamic nuclei (arrow) and the choroid plexus is apparently unaffected (upper, x 16.8) . Higher magnification of the cerebral cortex and hippocampus reveals a complete inhibition of amino acid incorporation, with the exception of some cortical neurons in the parasagittal region (lower, x 10.6).
the exception of some parasagittal areas (Fig. 2 , lower right), cortical neurons actively engaged in protein biosynthesis were no longer detectable. Similarly, caudate-putamen and globus pallidus were largely deprived of labeled neurons. In these areas, incorporation into glial cells was also greatly reduced but blood vessel endothelia, meninges, and choroid plexus appeared unaffected. Thalamic nu clei and spinal cord showed a moderate reduction of amino acid incorporation. No apparent differences between control and hypoglycemic brains were ob served in the hypothalamus, brainstem, and cere bellum.
DISCUSSION
The results of the present autoradiographic study show that protein synthesis is almost completely Vol. 2. No.2. 1982 inhibited in the cerebral cortex, rostral basal gan glia, and hippocampus during severe hypoglycemia with isoelectric EEG. However, the brain stem and cerebellum appear unaffected. Neuronal [3H]tyro sine incorporation in thalamus and spinal cord seems moderately reduced. Quantitative evalua tion of the data is limited by lack of informa tion on regional variations in the specific activity of [3H]tyrosine in the acid-soluble precursor pool. An increase in the specific activity of free [3H]tyrosine during hypoglycemia may result from enhanced ce rebral blood flow 198(k:z) and a stimulation of amino acid transport from blood to brain (De Montis et aI., 1978) . Regional inhibition of protein synthesis itself would also be expected to cause a higher specific activity of [3H]tyrosine in the precursor pool. On the other hand, enhanced catabolism of brain proteins during hypoglycemia would lead to higher concentrations of unlabeled tyrosine, resulting in a decreased specific activity .. However, previous biochemical studies during hypoglycemia (Metter and Yanagihara, 1979) and following cerebral ischemia (Kleihues and Hossmann, 1971; Dienel et aI., 1980) indicate that an increase in the specific activity of tyrosine is most likely to occur. With respect to the interpreta tion of our auto radiographic data, a higher specific activity of the labeled precursor amino acid would to some extent counteract the inhibitory effect of hypoglycemia. The regional heterogeneity of pro tein synthesis may, therefore, be even more marked than our autoradiographs suggest. Quantitative bio chemical studies on the rate of protein synthesis in selected CNS regions are in progress.
The autoradiographic pattern of regionally inhib ited amino acid incorporation (Figs. 1 and 2) closely resembles that of local glucose consumption re ported by Abdul-Rahman and Siesjo (1980b) . Fur thermore, areas with severely reduced CMRglu and protein biosynthesis (cerebral cortex, hippocam pus, caudate-putamen) seem to be identical to those exhibiting extensive breakdown of energy metabo lism, as well as an early loss of neuronal function and high susceptibility to persistent hypoglycemic cell damage (Brierley et aI. , 1971; Agardh et aI. , 1981; Ratcheson et aI. , 1981) . High-resolution au toradiography employing tritiated amino acids per mits the assessment of protein biosynthesis in single cells and may be useful for the identification of neurons at risk during hypoglycemia of varying de grees and of those cell populations most likely to be rescued during the recovery period following glu cose administration.
